Introduction
The coordination chemistry of alkyl thiolate ligated iron(III) compounds are of interest as several mononuclear non-heme iron metalloenzymes, including nitrile hydratase, 1 neelaredoxin, 2 and desulfoferrodoxin, 3 have been shown to contain cysteineligated iron. This is in contrast to the majority of non-heme iron enzymes that contain exclusively nitrogen and/or oxygen donors. 4 Higher oxidation state transition metal thiolates are uncommon, as they are unstable to intramolecular electron transfer affording disulfides and reduced metal species. 5 For this reason, only a small number of Fe(III) thiolate complexes have been reported, and even fewer have been structurally characterized. 6 Many of these complexes contain less reducing aromatic thiolates.
Nitrile hydratases (NHases) are mononuclear iron-containing bacterial metalloenzymes that catalyze the hydration of nitriles to amides. 1 Less is known about the function of neelaredoxin 7 and desulfoferrodoxin. 8 Certain species of bacteria produce NHases that contain cobalt 9 in place of iron. The iron-containing NHases (Fe-NHase) are inactivated upon exposure to nitric oxide (NO) in the dark and can be photoactivated upon exposure to light. 10 The Fe-NHases have been studied by a number of spectroscopic techniques. On the basis of EPR, 11 resonance Raman, 12 EXAFS, 13 and ENDOR 14 measurements, the active site was proposed to contain a six-coordinate, low-spin (S ) 1 / 2 ) ferric ion in a mixed N,O/S coordination environment. Recently, two separate groups independently determined the crystal structure of the Fe enzyme. The initial study was performed on the photoactivated form of the enzyme at a resolution of 2.65 Å. 15 The structure revealed a novel coordination environment that consists of two amide nitrogens provided by the peptide backbone and three cysteine-thiolate donors ( Figure 1a) . A more recent structure, at a resolution of 1.7 Å, of the NO-inhibited form revealed that two of the metal-bound sulfurs are post-translationally modified to sulfenate (Cys-SO -) and sulfinate (Cys-SO 2 -) groups ( Figure 1b) . 16 Mass spectrometric studies 17 of tryptic digests of the active enzyme provide evidence in support of the proposed modification to Cys-SO 2 -, while evidence to support modification to Cys-SO -was inconclusive. Oxidized sulfurs were not detected in the initial X-ray structure 15 or by resonance Raman. 12 The Fe-NHases display unique electronic properties including a low-spin (S ) 1 / 2 ) ground state and a broad electronic absorption near 700 nm that has been shown to be a sulfur-toiron charge-transfer band. 12, 18, 30 Both the EPR (Table 5 ) and the electronic spectral properties (Table 3) show pH-and substrate-dependent shifts. Treatment of Fe-NHases with common biological reductants such as dithiothreitol do not result in iron reduction, suggesting that the Fe(III) oxidation state is stable in this enzyme. 11 Despite the structural advances, many questions about NHase remain unanswered. Given the apparent discrepancies between the two NHase X-ray structures, and spectroscopic data, alternative methods capable of providing additional information about the structure of this site are needed. Ultimately one would hope to correlate active-site structure with spectroscopic properties. One such approach is the synthetic modeling approach. Herein we report the synthesis, structure, and properties of a series of structurally related alkyl thiolate ligated Fe(III) complexes that closely model the spectroscopic properties of the non-heme iron site of nitrile hydratase, in spite of the absence of oxidized sulfurs.
Experimental Section
General Methods. All reactions were carried out under nitrogen at room temperature using standard Schlenk techniques or in a Vacuum Atmospheres inert atmosphere Dry Lab. Solvents were dried according to published procedures. 19 Hydrogen sulfide (Praxair) was used as received. All other reagents were purchased commercially (Aldrich) and used as received. 3-Methyl-3-mercapto-2-butanone was synthesized as described previously. 20 Physical Methods. IR spectra were obtained on a Perkin-Elmer model 1640 FT-IR spectrophotometer, with samples prepared as KBr pellets. Electronic absorption spectra were recorded on a HewlettPackard model 8452A diode array spectrophotometer. NMR spectra were recorded on a Bruker AC-200 spectrometer and referenced to residual protio solvent. Solution magnetic moments were determined using Evan's method, 21 as corrected for superconducting solenoids. 22 Solid state magnetic susceptibility data were collected on a Quantum Design model MPMS SQUID magnetometer. Elemental analyses were performed by Galbraith Laboratories, Knoxville, TN, or Canadian Microanalytical Services, British Columbia, Canada. EPR spectra were recorded on an EPX Bruker spectrometer operating at X-band frequency. Cyclic voltammograms were obtained using an EG&G Princeton Applied Research (PAR) 273 potentiostat with a glassy carbon working electrode, a platinum wire counter electrode, and a SCE (saturated calomel electrode) reference electrode, and 0.1 M (n-Bu4N)-(PF6) (in MeCN) or 0.1 M KCl (in H2O) as the supporting electrolyte.
Synthesis of [Fe III (DITpy)2]Cl‚EtOH (1). 3-Methyl-3-mercapto-2-butanone (0.71 g, 6.0 mmol), 2-(aminomethyl)pyridine (0.65 g, 6.0 mmol) and NaOMe (0.32 g, 6.0 mmol) were dissolved in 30 mL of MeOH, and the resulting solution was stirred for 1.5 h. In a separate flask, anhydrous FeCl3 (0.49 g, 3.0 mmol) was dissolved in 30 mL of MeOH and filtered through a bed of Celite. The solutions were cooled to -35°C, and the FeCl3 solution was added to the thiolate/amine solution dropwise. The resulting reaction mixture was stirred for 1.5 h at room temperature. Solvent was removed under reduced pressure to afford an orange-brown solid that was extracted with 20 mL of MeCN and filtered through a bed of Celite to remove NaCl and other insoluble impurities. Removal of solvent under reduced pressure followed by a second extraction with 24 mL of an Et2O/EtOH mixture (1:1 (v/v)) and filtration through a bed of Celite gave an orange-brown filtrate, to which was added 20 mL of Et2O. The resulting solution was stored in a freezer (-35°C) . 3-Methyl-3-mercapto-2-butanone (0.71 g, 6.0 mmol), histamine dihydrochloride (1.1 g, 6.0 mmol), and NaOH (0.72 g, 18 mmol) were dissolved in 80 mL of MeOH, and the resulting solution was stirred for 45 min. In a separate flask, anhydrous FeCl3 (0.49 g, 3.0 mmol) was dissolved in 40 mL of MeOH and filtered through a bed of Celite. The solutions were cooled to -35°C, and the FeCl3 solution was added to the thiolate/ amine. The resulting reaction mixture was stirred for 1.5 h at room temperature. Removal of solvent under reduced pressure afforded a maroon solid that was extracted with 60 mL of a MeOH/MeCN mixture (1:5 (v/v)) and filtered through a bed of Celite to remove NaCl and other insoluble impurities. Removal of solvent under reduced pressure followed by a second extraction with 45 mL of an Et2O/EtOH mixture (1:2 (v/v)) and filtration through a bed of Celite gave an orange-brown filtrate, which was layered with 15 mL of Et2O. The resulting solution was stored in a freezer (-35°C) for 3 days to afford a dark maroon microcrystalline solid. Recrystallization from EtOH/Et2O in a freezer (-35°C) overnight afforded 2 as a dark maroon microcrystalline solid. Yield: 0.26 g (16% X-ray Crystallographic Structure Determinations. Crystals of 1, 2, and 4 were immersed in Paratone oil inside a glovebox, and then a suitable crystal of each was mounted on a glass fiber with silicon grease and immediately placed in a low-temperature N2(g) stream. X-ray data for 1 and 2 was collected at -90°C using an Enraf-Nonius CAD4 diffractometer (Mo KR, λ ) 0.71073 Å) equipped with a lowtemperature device. X-ray data for 4 was collected at -112°C using a Nonius Kappa CCD diffractometer (Mo KR, λ ) 0.71070 Å) equipped with a low-temperature device. X-ray data collection parameters are summarized in Table 1 .
Cell constants for 1 and an orientation matrix were obtained by the standard method from 25 reflections at -90°C on a CAD4 diffractometer. Systematic absences and subsequent least-squares refinement were used to uniquely define the space group as Pca21. During data collection the intensities of several representative reflections were measured as a check on crystal stability, and there was no loss of intensity during data collection. Equivalent reflections were merged, and only those for which Io > 2σ(I) were included in the refinement. The weighting scheme used was [R 2 Fo 2 ] -1 . The structure was solved primarily from difference maps, with initial refinement on the iron atom obtained from a Patterson map. Hydrogens were introduced by calculation and refined using a riding model. Final full-matrix refinement gave an R value of 5.84% for 564 parameters with 3442 observed reflections with F > 4.0σ(F).
Cell constants for 2 and an orientation matrix were obtained by the standard method from 25 reflections at -90°C on a CAD4 diffractometer. Systematic absences and subsequent least-squares refinement were used to uniquely define the space group as Cc. During data collection the intensities of several representative reflections were measured as a check on crystal stability, and there was no loss of intensity during data collection. Equivalent reflections were merged, and only those for which Io > 2σ(I) were included in the refinement. The weighting scheme used was [R 2 Fo 2 ] -1 . The structure was solved primarily from difference maps, with initial refinement on the iron atom obtained from a Patterson map. Hydrogen atoms were introduced by calculation and refined using a riding model. Final full-matrix least-squares refinement gave an R value of 3.92% for 576 parameters with 2883 observed reflections with F > 4.0σ(F).
Cell constants and the orientation matrix for data collection for 4 were obtained from 15 images exposed for 60 s at -112°C on a Nonius Kappa CCD diffractometer. The systematic absences determined the space group P1 h. The structure was solved by direct methods and expanded using Fourier techniques using the SIR92 24 software package. Integration of intensities and cell refinement for Kappa CCD data was carried out with DENZO and HKL SCALEPACK, 25 respectively. An empirical absorption correction was applied with SORTAV. 26 The structure was solved by direct methods and refined with SHELXL-97. 27 All non-hydrogen atoms were refined anisotropically by full-matrix least-squares. All hydrogen atoms were placed with idealized geometry except for the H's on N1 and N2, which were located by difference Fourier synthesis. All hydrogen atoms were refined with a riding model and Uiso values fixed such that they were 1.1Ueq of their parent atom and 1.5Ueq for methyl hydrogens. The final R factor was (R ) 8.44%). There was a residual electron density peak of 2.452 e/Å 3 that could not be explained. 
Results and Discussion

Synthesis
equiv each of a primary amine, the R-mercapto ketone, and sodium methoxide. In each case, reactions are carried out at -35°C to minimize the formation of side products. Two methyl groups were included at the carbon R to the sulfurs in 1-3, as bulky groups have been shown to stabilize higher oxidation state metal-thiolates. 28 This is illustrated by complex 4, which lacks gem-dimethyl groups and decomposes more readily than complexes 1-3. X-ray Crystal Structures. Single crystals of 1‚3H 2 O, 2‚ 1 / 2 EtOH‚ 1 / 2 H 2 O, and 4 were isolated from Et 2 O-layered EtOH solutions. ORTEP diagrams of monocationic 1, 2, and 4 are shown in Figures 2, 3 , and 4, respectively. The structure of monocationic 3 was described previously. 23 Metrical parameters for 1-4 are summarized in Table 2 . 29 The iron in structures 1-4 is contained in a pseudo-octahedral bis(tris-chelated) environment, ligated by two trans-imines, two cis-thiolates, and either terminal pyridines (py) (1), imidazoles (Im) (2), or amines (NH 2 ) (3 and 4). The complexes exist as pairs of enantiomers, with both enantiomers present in the unit cell. Each of these complexes possesses extremely short Fe-S bond distances of approximately 2.20 Å, which are similar to the Fe-S bond distances reported for Fe-NHase. 15, 16 These short distances are indicative of the low-spin state of Fe in these complexes. Prior to 1994, the range of 2.3-2.4 Å was considered to be the normal range for an Fe(III)-S bond. 5a,c More recent work has shown that this range is only typical for high-spin Fe(III). ) showing 50% probability ellipsoids and atom-labeling scheme. H atoms have been omitted for clarity. For comparison purposes, atom labels were changed in Table  2 as follows:
Scheme 1 Figure 3 . ORTEP plot of [Fe III (DITIm)2] + (2) showing 50% probability ellipsoids and atom-labeling scheme. H atoms, except for the imidazole N-H protons, have been omitted for clarity. For comparison purposes, atom labels were changed in Table 2 as follows: + (4) showing 50% probability ellipsoids and atom-labeling scheme. H atoms, except for the amine N-H protons, have been omitted for clarity. For comparison purposes, atom labels were changed in Table 2 as follows: N(1) ) N t1 , N(2) ) N t2 , N(3) ) N im1 , N(4) ) N im2 .
consistent with charge-transfer bands (Table 3; Figure 5 ). These bands appear to be a diagnostic feature of the pseudo-octahedral cis-dithiolate arrangement about Fe(III) and have been tentatively assigned as Sπ f Fe(III) charge-transfer (LMCT) transitions. 30 They are particularly sensitive to the H-bonding ability of the solvent. In going from aprotic MeCN to H 2 O the LMCT bands are blue-shifted to shorter wavelengths ( Figure  5 ). In addition to solvent effects, the identity of N term (py vs Im vs NH 2 ) also causes pronounced shifts in the position of the ∼700 nm CT band. For example, when the terminal amines of 3 and 4 are replaced with pyridine 1 or imidazole 2, the band red-shifts to longer wavelengths (Table 3) . Replacement of gemdimethyl substituents on the carbon R to the thiolate carbon with hydrogens causes these bands to blue-shift (3 vs 4 in Table  3 ).
Electrochemistry. Redox potentials for the Fe(III)/Fe(II) redox couple for complexes 1-4 are summarized in Table 4 . As illustrated in the cyclic voltammograms of 3 and 4 ( Figure  6 ), complexes 1, 3, and 4 are reversibly reduced in acetonitrile. Half-wave potentials (E 1/2 ) vary from -0.86 V (for 4) to -1.02 V (for 1) vs SCE. Complex 2 exhibits an irreversible reduction wave with an E 1/2 of -0.68 V (∆E ) 350 mV) vs SCE. This is likely a consequence of the more flexible propylene linker, which may facilitate the dissociation of one or both terminal imidazole groups in the reduced species. Complexes 1 and 3 are also reversibly reduced in aqueous solution (complexes 2 and 4 were too unstable in water to obtain reproducible potentials). As shown in Table 4 , potentials shift, by as much as 250 mV, to more positive potentials in water.
Magnetic Properties. The magnetic susceptibility for complexes 1-4 follow the Curie-Weiss law over a wide temperature range. This is illustrated in the 1/ m ( m ) molar magnetic susceptibility) vs temperature (T) plot for complex 3 in Figure  7 , which can be fit to an S ) 1 / 2 spin state over the temperature range 5-300 K. Effective moments obtained from fits of 1/ m vs T plots for compounds 1-4 (range: µ eff ) 1.72 (4) to 1.91 (3) µ B ) are close to the spin-only value (µ eff ) 1.73 µ B ) for one unpaired electron. There are no thermally accessible, higher spin states within the temperature range studied. The room temperature magnetic moments obtained by Evan's method 21, 22 are also consistent with a low-spin (S ) 1 / 2 ) ground state for complexes 1-4. This is further supported by the EPR spectra of complexes 1-4 (Table 5 and Figure 8 ), which are typical of a low-spin (S ) 1 / 2 ) Fe(III) center in a distorted octahedral ligand field. The rhombic EPR spectrum of 1, shown in Figure 8 , closely resembles those of complexes 2-4 and displays a fairly narrow g-spread (∆g ) g max -g min ) 0.14).
Structural Effects on Redox and Electronic Spectral Properties. Changes in the local environment near the metal center, including perturbations at the periphery of the ligand, changes in the primary ligating atoms, and changes in solvent all have pronounced effects on both the redox and electronic spectral properties of complexes 1-4. In going from gemdimethyls in 3 to gem-dihydrogens in 4 both the E 1/2 and the λ max show pronounced shifts in energy. In MeCN solution, the E 1/2 shifts cathodically by 160 mV (Figure 6 ), while the λ max of the low-energy CT band blue-shifts by 22 nm, from 718 to 696 nm (Table 3) . These results can be rationalized with a simple MO diagram (Figure 9 ). Placement of electron-releasing gemdimethyl groups (in 3) on the carbon R to the thiolate raises the energy of the sulfur π-symmetry p-orbitals so that they lie energetically closer to the metal's π-symmetry orbital (d xy ). This enables a better energy match between the sulfur orbitals on 3 vs 4 and the d xy orbital on iron. This results in a greater destabilization of the d xy (Fe-S(π*)) orbital and greater stabilization of the Sπ(Fe-S(π)) orbital, which is mainly sulfur in character, for [Fe III (ADIT) 2 ] + (3) relative to [Fe III (AMIT) 2 ] + (4). As a result, the mean Fe-S distance is longer in [Fe III (AMIT) 2 ] + (2.232(2) Å) vs [Fe III (ADIT) 2 ] + (2.20(1) Å). It is also more difficult to reduce the compound containing the more electronrich ADIT ligand as a consequence of its more destabilized HOMO d xy . The gem-dimethyl substituents increase the electrondonating ability of the adjacent thiolate sulfurs, which provides for a thermodynamically more stable complex. The chargetransfer band near 700 nm for all four complexes examined in this study (Table 3) , and NHase, 11, 12 probably involves a transition between the Sπ(Fe-S(π)) and the d xy (Fe-S(π * )) orbitals. This transition is 22 nm (1.3 kcal/mol) lower in energy for [Fe III (ADIT) 2 ] + vs [Fe III (AMIT) 2 ] + since the ligand sulfur orbitals (S pπ ) from which the Sπ(Fe-S(π)) originates start out higher in energy. In other words, ligand-to-metal charge transfer from the more electron rich sulfurs ((Me 2 )C-S-) in [Fe III (ADIT) 2 ] + occurs at lower energies than from the less electron rich sulfurs (H 2 C-S-) in [Fe III (AMIT) 2 ] + .
The orthogonal orientation of both the pyridine and imidazole rings of structures 1 and 2 are of the proper symmetry to allow the imidazole-π* and pyridine-π* orbitals to π-overlap with the metal's d xy orbital. This π-back-bonding interaction would result in a net stabilization of the HOMO d xy orbital for both complexes. Shifts in the redox potential (in MeCN solution) (Table 4) for complexes 1 (∆E 1/2 ) 90 mV) and 2 ((E 1/2 -E pc ) ) 170 mV) relative to 3 are consistent with pyridine and imidazole behaving as π-acceptors. However, this π-overlap must be moderate, since it is not significant enough to be noticed in the solid-state structures. The red-shifts (in MeCN solution) of the low-energy charge-transfer band of 1 (∆λ max ) 66 nm) and 2 (∆λ max ) 84 nm) relative to 3 is also consistent with pyridine and imidazole behaving as π-acceptors and stabilizing the d xy orbital.
Solvent Effects on Redox and Electronic Spectral Properties. Protic solvents influence both the redox potentials and electronic spectral properties of 1-4. Redox potentials display a cathodic shift (Table 4 ) and the low-energy charge-transfer band blue-shifts (Table 3) in protic solvents. A likely explanation for this is that the thiolate sulfurs are hydrogen bonding (Hbonding) to solvent. This would stabilize any molecular orbital possessing sulfur character, including both the HOMO d xy (Fe-S(π*)) and the Sπ(Fe-S(π)) orbitals. Since these two orbitals are involved in the charge-transfer transition observed near 700 nm, one would expect the energy of this transition to be affected, as long as the net H-bonding-induced stabilization is not identical for the two orbitals. The observed blue-shifts (Table  3) imply that the lower energy orbital, Sπ(Fe-S(π)), is stabilized more than the higher energy one, d xy (Fe-S(π*)). One would expect the orbital with greater sulfur character (i.e., Sπ(Fe-S(π)) bonding MO), to be more affected by H-bonding than the orbital with less sulfur character (i.e., the HOMO d xy (Fe-S(π*))). The cathodic shift in redox potential provides evidence for the stabilization of the HOMO d xy orbital in H-bonding solvents. Or, viewed differently, because protic solvents stabilize the ligand thiolate sulfur orbitals via H-bonding, a poorer overlap between the metal d xy and sulfur p-orbital would result, and consequently there would be less destabilization of the antibonding d xy (Fe-S(π*)), resulting in a more cathodic redox potential. Recent XAS studies by Hodgson and co-workers 31 on rubredoxin proteins and a rubredoxin model complex provide support for the notion that hydrogen-bonding interactions can cause a decrease in the covalency of an Fe-thiolate bond. Pronounced cathodic shifts in redox potential are also observed with model complexes of the thiolate-ligated heme enzyme cytochrome P450 as a consequence of H-bonding interactions to the coordinated thiolate ligand. 32 Influence of Sulfurs on the Spin State. Most Fe(III) complexes are either high-spin or in spin-equilibrium. 33 There is, however, a slowly growing body of low-spin Fe(III) thiolate complexes (Table 5) . 6a,b,f,h,l A possible explanation for the lowspin ground state in these complexes is that the Fe(III) thiolate bonds are highly covalent. If enough electron density is transferred from the sulfurs to the Fe(III) center, the effective positive charge on the metal would be reduced, allowing for an expansion of the d orbitals. This expansion would result in a decrease in the interelectronic repulsions within the d-orbital manifold that could be reduced to a point in which the lowspin state is favored over higher spin states. This effect is commonly known as central field covalency, 34 and is one of the mechanisms that cause the nephelauxetic effect. 35 Thiolates are known to be effective electron donors. 34 The low-energy charge-transfer bands are a reflection of the covalency of the Fe(III)-thiolate bonds in both the complexes described herein and in NHase. 36 Electron delocalization onto the ligands, along with an asymmetric ligand field, serves to partially quench the orbital angular momentum contribution to the magnetic moment. 37 This results in a smaller g-spread than is typically seen in S ) 1 / 2 Fe(III) complexes such as ferriheme centers 38 which typically display g-spreads of g0.5.
Relation to NHase Active Site. The Sπ f Fe(III) CT absorption in complexes 1-4 appears to be a sensitive reporter of perturbations to not only the primary coordination sphere but also the secondary coordination sphere, (i.e., the ligand's periphery as well as solvent). The electronic spectrum of nitrile hydratase is also sensitive to changes to its secondary coordination sphere (e.g., the pH, Table 3 ). 12 In going from pH ) 7.3 to pH ) 9 the low-energy CT absorption present in the enzyme is blue-shifted from 710 to 690 nm. This blue shift was attributed to a loss of H-bonding interactions to the coordinated cysteinate residues. 12 Results described herein suggest, however, that if this were the case, then the CT band should red-shift, as opposed to blue-shift.
The electrochemical results described herein show that the combination of imine nitrogens and alkyl thiolate donors are capable of stabilizing the Fe(III) oxidation state and are within the range reported for similar complexes (Table 4) . 6a ,h Artaud and co-workers reported an E 1/2 of -480 mV vs SCE for FeNHase (Table 4) . 6g It is not surprising that the reduction potentials (in MeCN) of our models 1-4 are more negative than the reduction potential reported for the enzyme, since our models lack the secondary interactions present in metalloenzymes, such as H-bonding interactions. This has been observed with iron-sulfur cluster models as well. 36, 39 The observed cathodic shift in E 1/2 values for 1 and 3 in aprotic MeCN vs aqueous solution support this conclusion. The results obtained from the present study therefore support previous studies 40 that have shown that H-bonding interactions between a protein and a metal-containing active site may significantly affect the redox potentials and electronic spectral properties. It should also be pointed out that the lower reduction potential of Fe-NHase could also be a result of the ligated Cys-SO n (n ) 1, 2) units. Darensbourg and co-workers have shown that Soxygenation of metal-bound thiolates results in less negative reduction potentials. 41 Taylor, and Jason Shearer for helpful discussion, Tamara Okonogi for assistance with the EPR work, and Reeza Loloee for collection of SQUID magnetic susceptibility data for 4. Financial support from the National Institutes of Health (Grant GM 45881) and the National Institute of Environmental Health Sciences (P30 ES07033; EPR spectrometer) is also gratefully acknowledged.
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